Aluminium was used as a chemical modifier for the determination of lead in sugar cane spirit samples by electrothermal atomic absorption spectrometry (ET-AAS). Pyrolysis temperature, pyrolysis time and atomisation temperature were 800 C, 20 s and 1800 C, respectively. The aluminium mass was 3 mg. Lead was quantified with limits of detection and quantification of 0.14 and 0.47 mg L
Introduction
Several chemical modifiers have been proposed for the determination of lead by electrothermal atomic absorption spectrometry (ET-AAS), with palladium-magnesium yielding the best results. This modifier allows for a pyrolysis temperature of 1200 to 1400 C, which enables separation of most concomitant elements. [1] [2] [3] [4] [5] Ammonium phosphate is another common modifier, but lower pyrolysis temperatures must be used.
1 Alternative chemical modifiers for lead determination include the platinum group metals (i.e., palladium, platinum, iridium, ruthenium and rhodium) and carbide-forming elements (i.e., zirconium, niobium, tantalum and tungsten), which are permanent modifiers. 6, 7 Gomes and co-workers evaluated seven of these modifiers for the determination of lead in sugar cane spirits: Pd(NO 3 ) 2 8 Neto and co-workers proposed a method for the simultaneous determination of arsenic, lead and copper in sugar cane spirits by ET-AAS using a W-coated platform and Pd-Mg(NO3) 2 as a modifier.
9 Citric acid 10 and other organic acids have also been proposed as chemical modifiers for lead, and 8-hydroxyquinoline-5-sulfonic acid was recently used as a chemical modifier for its determination in cereals. 11 Another method used tungstate as a permanent chemical modifier for the determination of lead and cadmium in water after preconcentration by liquid-phase microextraction.
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Cachaça is a Brazilian sugar cane spirit that is appreciated worldwide. Several papers have been published on quantifying organic and inorganic species in this beverage. 13, 14 For example, Silva and co-workers determined antimony and chromium by ET-AAS using ruthenium as a permanent modifier, 15 and Pereira et al. determined copper by fast sequential flame atomic absorption spectrometry and internal standards.
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Several researchers have proposed using aluminium as a chemical modifier. 20 Carrion et al. evaluated the performance of aluminium as a matrix modifier for the determination of lead in aluminium-based alloys by ET-AAS. They observed that lead can be strongly retained by aluminium at low pyrolysis temperatures (700 C), and the integrated absorbance signal was lower when aluminium was not present. Lead retention also increased with the amount of aluminium added. 21 Ince and Akman evaluated the effects of aluminium salts on the determination of manganese by ET-AAS. They concluded that aluminium salts form refractory compounds between aluminium and manganese (e.g., spinel MnAl 2 O 4 ) that shift the absorption signals of manganese to higher temperatures. If the pyrolysis temperature was below 800 C, aluminium chloride altered the vaporisation mechanism of manganese.
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In the present paper, aluminium was used as a chemical modifier for the determination of lead in sugar cane spirits by ET-AAS. The parameters: modifier mass, pyrolysis temperature and atomisation temperature were optimised by univariate methodology. The procedure was then applied in the determination of lead in samples from Brazilian cities.
Experimental 2.1. ET-AAS instrumental parameters
Lead determination by ET-AAS was performed on a ZEEnit 600 atomic absorption spectrometer (Analytik Jena AG, Jena, Germany) equipped with a transverse-heated graphite tube atomiser and Zeeman-effect background correction. Transversely heated pyrolytic graphite coated tubes with PIN platforms were used for all analyses. A lead hollow cathode lamp (Varian, Mulgrave, VA, Australia) was used as the radiation source with a current of 3 mA, wavelength of 283.3 nm and spectral bandwidth of 1.2 nm. An MPE 60 furnace autosampler (Analytik Jena) was used for sample introduction. Argon with a purity of 99.997% (White Martins, Salvador, Brazil) was used as the purge gas with an internal flow rate of 2.0 L min À1 during all steps except atomisation, when internal flow was stopped. Analytical signals were measured as integrated absorbances, A int (peak area). Table 1 shows the optimised graphite furnace temperature program.
ICP-MS instrumental parameters
ICP-MS analysis was performed on a quadrupole XSeries II inductively coupled plasma mass spectrometer (Thermo Scientific, Germany) fitted with a standard concentric nebuliser, a Peltier cooled spray chamber option and an Xs interface. The Xs+ mode was used for ion extraction, and the instrument was operated under standard conditions without use of the collision cell. Argon (99.997%, White Martins, Salvador, Brazil) was used as the carrier gas. Table 2 presents the ICP-MS operational conditions. The isotope monitored was 208.
Reagents and solutions
Deionised water obtained from a Milli-Q system (Millipore, Bedford, USA) with a specific resistivity of 18 MU cm was used to prepare all solutions and standards. All reagents were of analytical grade. Nitric acid solutions were prepared by appropriate dilution from concentrated nitric acid (Merck, Darmstadt, Germany). Working standards were prepared immediately before use by serial dilution from a 1000 mg L À1 lead stock solution (Merck) in 0.05% nitric acid. Three microlitres of a 1000 mg L À1 ICP-MS aluminium solution (Merck) were used as the modifier, which resulted in an aluminium mass of 3 mg.
Calibration solutions for quantification by ICP-MS were prepared from 0 to 25 mg L À1 for each analyte measured in 2% ultrapure nitric acid. Scandium-45, 
Samples
Spirit samples were purchased at supermarkets in Salvador City, Brazil in October 2010. For ET-AAS analysis, sample solutions were prepared by diluting 4.95 mL of the original samples with 50 mL of 50% nitric acid solution (v/v).
For ICP-MS analysis, samples were heated to 70 C to eliminate ethanol, diluted to 10 mL with ultrapure water and digested by 200 mL of concentrated nitric acid in a digester block with a reflux system (cold finger The effect of pyrolysis temperature on lead absorbance was investigated with 20.0 mL of a sugar cane spirit sample solution, an atomisation temperature of 1800 C, a pyrolysis time of 20 s and a pyrolysis temperature ranging from 600 to 1100 C. Fig. 1 shows that from 600 at 800 C, the analytical signals were constant. Therefore, 800 C was selected as the optimised pyrolysis temperature for the subsequent lead determinations.
During optimisation of the atomisation temperature, pyrolysis time and temperature were fixed at 20 s and 800 C, respectively. The atomisation temperature was varied from 1100 to 2300 C. Considering the results shown in Fig. 1 , the analytical signals remained constant from 1400 to 1800
C. An atomisation temperature of 1800 C was selected for future experiments because it yielded a lead absorption signal with good shape and a low background absorbance.
Validation studies
Using the optimised experimental conditions, we could directly determine lead in sugar cane spirits with limits of detection (3d/s) and quantification (10d/s), of 0.14 and 0.47 mg L À1 , respectively. d represents the standard deviation of the blank solution and s is the slope of analytical curve. 24 A mass of 24 pg was obtained for a sample volume of 20 mL. Method calibration was evaluated by comparing the slope of the curve obtained with aqueous standards to that of analyte addition to a sugar cane spirit sample. There was a similarity between the curves, with determination coefficients >0.99 (Table 3) . Therefore, this method can quantify lead using external calibration external with aqueous standards. The precision (expressed as relative standard deviation) of ten repetitive determinations of a sugar cane spirit sample with a lead concentration of 3.00 mg L À1 was 3.11%. Since no certified reference materials exist for sugar cane spirits, the accuracy of the method was evaluated on SRM 1571 (orchard leaves) furnished by the National Institute of Standard and Technology (NIST). We obtained a lead concentration of 44.67 AE 1.16 mg g À1 (n ¼ 3) with this method, which is not statistically different from the certified value of 45 AE 3 mg g À1 Pb based on a Student t-test at a confidence level of 95%.
Experiments employing ammonium phosphate as a chemical modifier were also performed with a pyrolysis temperature of 800 C. Under these conditions, a characteristic mass of 22 pg was obtained, with limits of detection and quantification of 0.94 and 3.12 mg L
À1
, respectively. Fig. 2A and B show the absorbance signals for lead and the background using 20 mL of a 25.0 mg L À1 lead solution. A and B represent 3 mg of aluminium and 5 mg of ammonium phosphate, respectively, as modifiers. In these figures, the background signal for aluminium was considerably lower than that of ammonium phosphate.
Preliminary studies evaluated the determination of lead by high-resolution continuum source graphite furnace atomic absorption spectrometry 25 (HR CS GFAAS) using aluminium as a chemical modifier and a pyrolysis temperature of 800 C. The results were as follows: a characteristic mass of 15 pg, a limit of detection of 0.58 mg L À1 and a limit of quantification of 1.93 mg L
. Fig. 1 Pyrolysis and atomization curves for Pb using aluminium as chemical modifier. 
Application
The ET-AAS method using aluminium as a chemical modifier was used to determine lead in five sugar cane spirit samples from several Brazilian cities. The results, expressed as 95% interval confidence levels, are shown in . 26 These five samples were also analysed by inductively coupled plasma mass spectrometry (ICP-MS) after acid digestion in a reflux system (cold finger). Results (Table 4) These results demonstrate that the calculated slope and intercept do not significantly differ from the ''ideal'' values of 1 and 0, respectively, and there is no evidence for a systematic difference between the two methods.
Using the optimised conditions, up to 500 firings were possible using the same tube without sensitivity losses. Preliminary studies also demonstrated that aluminium can be also used as a chemical modifier for the determination of cadmium.
Conclusions
An evaluation of the analytical parameters for the determination of lead in sugar cane spirits using an aluminium modifier demonstrates that this method is comparable to those using other recommended chemical modifiers. The proposed method displayed good precision, accuracy and sensitivity. In particular, the limits of detection and quantification and characteristic mass found in this work agree with those obtained during the determination of lead in antacids using phosphate as modifier.
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The concentrations of lead found in the samples analysed were below the maximum allowable limits set by the Brazilian Ministry of Agriculture. This work is timely, considering the high toxicity of lead and the high rate of consumption of this drink by Brazilians. 
